Evolution of remote sensing sensors technologies is presented, with emphasis on its suitability in observing the polar regions. The extent of influence of polar regions on the global climate and vice versa is the spearhead of climate change research. The extensive cover of sea ice has major impacts on the atmosphere, oceans, and terrestrial and marine ecosystems of the polar regions in particular and teleconnection on other processes elsewhere. Sea ice covers vast areas of the polar oceans, ranging from ~18 × 10 6 km 2 to ~23 × 10 6 km 2 , combined for the Northern and Southern Hemispheres. However, both polar regions are witnessing contrasting rather contradicting effects of climate change. The Arctic sea ice extent is declining at a rate of 0.53 × 10 6 km 2 ·decade -1
Introduction
Earth comprises of approximately 71% of water which is stored in oceans and glaciers. Global and local weather is influenced by ocean-atmosphere-land processes. Polar regions (Arctic and Antarctic) exert much higher influence on global climate and heat budget due to high albedo that provides a positive feedback on atmosphere. Arctic sea-ice extends to 15 × 10 6 km 2 at the end of winter (7 × 10 6 km 2 in summer) whereas Antarctic sea-ice occupies an area close to 18 × 10 6 km 2 , but by the end of melt season only 3 × 10 6 km 2 area remains. So the polar regions are covered by sea ice to an extent of 20 × 10 6 km 2 at any time. Figure 1 illustrates the average extend of sea-ice cover in Northern and Southern Hemispheres over a 25-year period (1979-2003) derived from National Snow and Ice Data Center (NSIDC) using satellite sensors. The present trend determined from satellite observations reveals an asymmetrical effect of climate change on sea ice in the polar regions (Figure 2 ). Sea ice extent in Arctic has shrunken dramatically since the satellite observations started in 1970's. Arctic's maximum sea ice extent was more than 16.5 × 10 6 km 2 in 1980 but it reduced to 15 × 10 6 km 2 in 2011, effectively showing 0.5 × 10 6 km 2 ·decade -1 loss of sea ice. On the other hand, Antarctic sea ice extent has experienced a slight increase during same period, from less than 18.5 × 10 6 km 2 in 1980 to more than 19 × 10 6 km 2 in 2011. The minimum sea ice extent at the end of austral summer in Arctic has undergone a dramatic change from over 6.5 × 10 6 km 2 in 1980 to close to 3 × 10 6 km 2 in 2012. However, Antarctic minimum sea ice extent at the end of melt season shows a slight positive trend. Figure 3 shows sea ice extent anomaly observed in Arctic and Antarctic, from 1980 to 2012. Arctic sea ice anomaly shows downward trend, and a sharp drop in the post-1997 period. Close to 2 × 10 6 km 2 ·decade -1 of sea ice cover has been lost permanently owing to climatic changes, including warming effects induced by anthropogenic greenhouse gases. On the other hand, Antarctic sea ice anomaly shows opposite trend, wherein approximately 0.5 × 10 6 km 2 of sea ice area has been added since 1980. There has been statistically significant increases in surface air temperature (SAT), decrease in sea ice and warming of permafrost over large areas of the Arctic. On the other hand, most of the increase in Antarctic temperatures over the last 50 years is on the Antarctic Peninsula [1] . Weather systems in polar regions are far more complex than can be explained by any one of the external forcing such as increase in green-house gases or natural internal variability such as fluctuations in oceanic temperatures.
Climate in Arctic is essentially influenced by Arctic Oscillations (AO) and North Atlantic Oscillations (NAO). AO operates in two phases: in negative phase cooler air from Arctic penetrates mid-latitudes and reduces mean temperatures of that area, whereas in positive phase it helps the middle-latitude jet stream to blow strongly and consistently from west to east, thus keeping cold Arctic air locked in the polar region. AO can shift through phases quite frequently, year-to-year and even month-tomonth variability has been observed. AO has a strong correlation with NAO as both explain same underlying phenomenon. NAO also exhibits negative and positive phases. Positive phase occurs when Icelandic lows and Azores highs are strong, resulting in stronger pressure gradient across North Atlantic resulting in warm air penetrating the Arctic. During negative phase Icelandic lows and Azores highs are weak, resulting in weakerpressure gradient, whereby colder polar air is pushed towards mid-latitudes. Due to natural swings in AO and NAO processes, it's difficult to assess impact of loss of sea ice on climate variations in Arctic regions, due to lack of observations. During 2010-2011, AO was strongly negative resulting in heavy snow blizzard on east coast of North America. Then in the following year, it switched to positive to weakly-negative phase and the same area experienced mildest winter in recorded history. What causes AO to switch signs frequently is not well understood.
Antarctic climate mainly depends on combined effects of Southern Annular Mode (SAM) and Antarctic Circumpolar Current (ACC). SAM usually defined as the normalised sea-level pressure gradient between 40˚S and 65˚S. SAM operates in a nearly annular pattern with a large low pressure anomaly centered on the South Pole and a ring of high pressure anomalies at mid-latitudes. This leads to an important regional wind anomaly in a broad band around 55˚S, and the strength of westerlies that blow around the continent depends on phase and strength of SAM. Over the last 50 years, the SAM has shifted more into its positive phase with decreases of surface pressure over the Antarctic and corresponding increase at mid-latitudes. Enhanced westerlies have impact on ACC's mixing and upwelling resulting in unprecedented warming of the Southern Ocean (SO), consequently reducing its efficiency of CO 2 sink. Stronger westerlies provide a thermal insulation cover around Antarctic, whereby the path of warm winds from midlatitudes which try to penetrate the high latitudes is blocked by extremely cool boundary of westerlies, resulting in storms like conditions. These storms carry moisture-laden warm air into the interior, contributing to heating of continental ice sheets. Full causes and effects of sea ice loss or gain on such processes are not fully understood.
Sea ice is known to play a part in the key processes of the polar climate system through 80% -98% reflection of incident energy. The high latitude climate is essentially the consequence of radiative heat loss and compensatory poleward oceanic and atmospheric heat transport [2] . Different interactions with atmosphere are responsible for varied climate conditions at the poles. Unlike Antarctic, which is a continent covered with ice sheet, the Arctic Ocean absorbs and retains much of its solar energy to release it slowly into ocean-atmosphere system. Sea ice provides an excellent insulation for heat exchanges between ocean-atmosphere, this insulation is particularly important in winter, when the sea-ice cover greatly restricts the loss of heat from the ocean to the very cold polar atmosphere. Sensible heat flux from the ocean to the atmosphere in the peak of Arctic winter (January) in the central Arctic basin has been reported to be ~550 Wm -2 , when ocean and atmosphere are in direct contact with each other but is less than 50 Wm -2 where the two are separated by sea ice of at least 80 cm thickness; this flux is negligible where sea ice layer is as thick as 3 m [3] . On the other hand, the latent heat flux in January is effective in transferring ~145 Wm -2 for an ice-free ocean, which is reduced to < 10 Wm -2 for a sea-ice cover of 40 cm thick. Sea-ice cover works as a shield on ocean surface in winter when atmosphere is quite cold, which help oceans to maintain above zero temperature and support polar aquatic life.
Sea ice influences albedo or measure of reflectivity. In winter due to polar darkness, negative radiation balance results in extreme cooling of the polar regions. During summer, solar radiation is the only major heat source to warm the ocean-atmosphere-cryosphere system. The albedo for open sea water is in the range of 10% -15% whereas it is 80% for sea ice. If the sea ice is covered with fresh snow, the albedo can be as high as 98% which is six times more than that for the open sea water. Different values of albedo lead to an important factor in climatic system-the solar power absorption. Large ice cover drastically reduces solar energy absorption by ocean further reducing temperature, thereby stimulating ice growth. This leads to positive feedback mechanism, wherein it can reduce sea-ice cover when more solar energy is absorbed by the ocean, thereby increasing its temperature. Extent of sea ice has major influence on radiative flux balance [2] .
Sea-ice not only impacts solar budget of earth but also maintains dynamic salinity equilibrium of the oceans. Temperature difference between equatorial and polar regions combined with global salinity differences operates oceanic current systems. As sea-ice forms, it rejects salt into surrounding ocean water and as sea-ice gets colder either due to gravitational pull or due to flushing out of the salt by melt ponds. This expelling of salt (brine) to the upper layer of the ocean can affect oceanic circulation; if the water density profile directly under the ice is weak enough then adding excessive salt leads to overturning circulation. Consequently, it leads to mixed-layer deepening, downwelling, and, in some instances, even bottom-water formation, the latter arising when the cold surface water downwells to the ocean bed. Dense cold water at the bottom moves along the ocean bed towards equator, warm water at equator moves towards polar regions to stabilize the temperature difference giving rise to major oceanic currents. These fluxes of heat and brine result in the most significant source of dense water for the world ocean [4] . This conveyor belt action keeps the ambient temperature moderate, for survival of life. Polar regions store vast amount of frozen fresh water in the form of sea ice, snow and glaciers, large scale melting can have a significant role in North Atlantic circulation [5] , and this melt water contains considerable biological matter [6] . Even though sea ice plays a significant and complicated role, yet the end users (researchers, navigation operational personnel) are interested in small number of parameters.
Integrating the area of the pixels with 15% or more sea ice provides the total sea-ice area which is important to understand factors affecting seasonal variations in ice cover on year-to-year basis. Sea ice concentration is proportion of area covered by ice relative to open water in a pixel. A key prediction of the greenhouse-gas-induced climate change is that the sea ice extent will respond early to the altered conditions [7] . Sea ice thickness is very important parameter which is yet to be measured on a large scale with a reasonable accuracy. Till now researchers have fairly good idea in two-dimensions of sea ice, which gives only a partial picture. When estimates for sea ice extent are combined with thickness data, it is useful to understand mass/volume, heat, salt fluxes which is essential for global climate change study. Different types of sea ice are defined according to their development stage. New ice is the one that is formed recently which includes frazil ice, grease ice, slush and shuga. Next stage is nilas which forms a thin elastic crust of ice which easily bends on waves and swell. First Year Ice (FYI) is not more than one winter old, developing from young ice, generally greater than 30 cm thick. Then subsequently multi-year ice (MYI) which has survived at least one melt season is usually thicker in Arctic than Antarctic. Surface irregularities and micro-structures on the surface of ice are important as direct ice thickness measurements are considerably more difficult to accomplish than surface measurements using remote sensing. Techniques are being developed for estimating thickness from surface characteristics.
Sea ice is generally covered with snow, which can vary in thickness from a few centimeters to more than a meter. Snow cover acts as a thermal insulator influencing the heat exchange between the ocean and atmosphere through sea ice-snow interface, and it impacts sea-ice growth rates and overall thickness-a key indicator of climate change in polar regions. Snow depth is required to estimate sea-ice thickness using freeboard measurements made with satellite altimeters [8] . The snow cover also acts as a mechanical load that creates negative ice freeboard, pushing ice below the sea level. Resulting flooding can change the microwave signature of sea ice, introducing ambiguity and loss of back scatter signal. Sea ice in polar regions is constantly in motion either due to underlying ocean currents, glacial melt and runoff, or high speed katabatic winds in Antarctica. Drift velocity is important for glacial studies as well as in climatic analysis as it conveys rate of mass offloading into oceans by glaciers, which contributes to rise in global sea level. Traditionally, sea-ice drift observations were made aboard research vessels. This process was slow and biased towards accessible areas of sea ice.
Vast amount of sea ice acts as a natural probe placed into environment, which gives proxy indications of overall state of health of our planet. Polar regions are barometer where one can observe more accurately effects of changing climate due to polar magnification as a result of feedback mechanisms. Data from remote-sensing satellites are being used extensively in research to generate operational charts [9] [10] [11] [12] [13] . Satellites have been operational for over 40 years, providing observations on high spatial resolution which are essential to witness the effects of climate change. Satellite data are now primary source of initial data to drive coupled ocean-ice-atmospheric models and also provide independent data to validate the latter.
Historical Sea-Ice Observations
In the pre-satellite era, sea-ice observations were made by observer from the shore, ship, and aircraft. Whaling cruises recorded sea-ice data over a long period. Crew on each ship maintained logs of geographic positional information, together with observations of wind speed and direction. These logged positions can be considered as outlining sea-ice extent as ships followed their target along the ice edge. Antarctic whaling ship records show approximate sea-ice boundary for more than 100 years [14] . Since 1931, a record has been maintained for every whale caught including positional information and seaice type.
The International Whaling Commission maintains a database of 1.5 million records of each whaling expedition. The whaling season usually starts from October till April in the following year, which gives a circumpolar coverage of ice edge. The data is continuous since 1931 when recording began since 1987, with a gap during World War-II . This data set provides nearaccurate ice boundary at different months around Antarctica. After reliable satellite observations were available, it was found that whaling records show close correlation with satellite data [15] . From 1950 onwards, upward looking sonar (ULS) has been used to chart sea-ice thickness along the track in the Arctic. The time is measured between outgoing and incoming sound signal which gives distance travelled by signal; pressure is measured continuously to estimate depth of sub-marine. Difference between the depth of submarine and distance travelled by sound wave provides the sea ice thickness [16] [17] [18] .
The research vessels (USCGC Polar Star, Aurora Australis, Polarstern, etc.) were used to carry out visual observations on sea ice type, concentration, thickness and surface topography. Detailed logs have been maintained on many voyages over the past two decades. Usually a trained observer stands on ship's bridge taking notes on ice conditions along the ship route with ship's positional information [19] . One of the drawbacks of ship-based observations on sea ice thickness and its other characteristics is a lack of a standardised system for making and recording the observations. Merging data from different voyages is difficult, thereby limiting its usability in comprehensive analysis. In-situ observations on ice surface which are done by drilling into sea ice to capture most of the features. Ice cores also give detailed information about structure, composition and paleoclimate, but this method is very slow, time-consuming, and limited to accessible areas due to expensive logistics. Because of uncertainty in weather conditions and high logistic costs, the satellite remote sensing is only convenient method for studying polar regions.
Satellite Observations

Early Satellite Systems
For the vast and inaccessible polar regions, there was always a demand for means to observe large sea-ice surface with some continuity. The dawn of satellite era began in 1957 with launch of USSR satellite Sputnik. After its launch, there was race among nations to build satellites with better spatial and temporal resolutions and fly them in orbit as soon as possible.
VIS and IR Sensors
The first remote sensing satellite TIROS-1 was launched in April 1960 ushering development of improved remote sensing sensors. It carried a special television camera capturing global cloud cover. The early TIROS satellites orbited at a relatively low inclination hence, sea-ice observations were limited to regions between 60˚N and 60˚S. Successive satellite sensors improved the spatiotemporal resolution of sea-ice extent observations, enabling studies on dynamics of sea-ice motion using advanced imaging instruments such as high-resolution visible & IR cameras. Examples are the NOAA's Advanced Very-High Resolution Radiometer (AVHRR) which has resolution about 1 -4 km, a swath of about 2000 km and NASA's Moderate Resolution Imaging Spectrometer (MODIS) which has resolution about 0.25 -1.0 km and a swath of about 2300 km. Unfortunately from a sea ice perspective, over cast sky and polar nights make it difficult to use deploy these sensors in these conditions [20, 21] . Ref. [21] has used MODIS data to validate the satellite-derived temperature and inferred that they agree well with root mean square error of 1.7 K in clear-sky conditions. The longest earth remote sensing satellite series to serve the purpose is LandSat series (originally named Earth Resource Technology Satellite-1). For the first time LandSat-1 was launched in 1972 with a number of sensors: a three-camera return-beam vidicon (RBV) to obtain visible light and near-infrared photographic images of Earth, and four-channel multispectral scanner (MSS) to obtain radiometric images. Subsequently, LandSat-5 was launched which served the researchers for well over 28 years. It carried Thematic Mapper and Multispectral Scanner. Next in series was LandSat-7 which was launched in 1999 and carried a PAN camera with 15 m spatial resolution. A typical image of sea ice from LandSat 7 PAN is depicted on Figure 4. 
Passive Microwave Sensors
Passive Microwave Sensors (PMS) were developed to make observations in all-weather conditions, by sensing the Earth's surface at centimeter-scale. The first remote sensing satellite was launched by Russia, which carried PMW sensors-Cosmos 243 in 1968 and Cosmos 384 in 1970. The polar orbiting Nimbus-5 carried an experimental Electrically Scanning Microwave Radiometer operating at 19.35 GHz. It measured brightness temperature from which cloud liquid water content, sea ice edge, and surface composition and soil moisture were derived.
After the ESMR period, a more advanced remote sensing instrument, the Scanning Multichannel Microwave Radiometer was operated aboard Nimbus-7 from 1978 to 1987. It measured dual-polarised radiation at 6.63, 10.69, 18.0, 21.0, and 37.0 GHz. A similar instrument called Special Sensor Microwave Imager (SSM/I) on DMPS satellite carried a seven-channel four-frequency linearly polarized passive radiometer. It provided continuous measurements for more than 25 years and became an industry standard for passive radiometer design [11, 22] . The sea ice concentration using SMMR, SSM/I, and SSMIS is portrayed on Figure 5 . The Successive Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E) instrument aboard Aqua provided measurements of land, oceanic, and atmospheric parameters, including precipitation rate, sea surface temperature, and sea ice concentration. It provided passive microwave images in K-band (0.75 cm to 2.5 cm), X-band (~2.5 cm to ~4 cm) with resolution of 4 km. SSM/I, SMMR and PMW instruments were launched to record sea surface temperature and near-surface winds in all weather conditions for developing and testing global ocean circulation models.
Active Microwave Sensors
With demands for finer resolution of imagery, passive radiometer instruments proved inadequate. Typical passive microwave imagery had coarse resolution around 30 km, which was suitable for overall trend observation rather than studying particular area or location. Even though later passive radiometer instruments like AMSR-E provided much higher resolution (6 km), it was inadequate. Active-microwave sensors transmit microwave signal and receives the backscatter that determines geophysical properties of the surface. These sensors include radar altimeters, scatterometers, side-looking real aperture radars (SLAR), and synthetic aperture radars (SAR). In 1970s and 1980s SAR was used for aircraft surveillance and for sea ice monitoring, in order to provide detailed maps of the sea ice conditions, especially in sectors of busy maritime traffic.
Space-borne SAR combines high spatial resolution with capability to illuminate the scene with preferred frequency and polarization, making it possible to observe sea ice with much better accuracy than visible and PMW methods. In 1978, Seasat was the first satellite that provided high-resolution SAR images of sea ice from June to October. After a long wait, the European Remote Sensing (ERS) program was launched in 1991. It represented a major milestone in satellite SAR remote sensing of sea ice, because the two satellites ERS-1 and ERS-2 have operated continuously for more than 10 years and recorded valuable data of ice-covered regions [24] . ERS-1 carried many innovative and advanced payloads to further earth observation and monitoring earth systems by using Radar Altimeter (RA), Scatterometer, and SAR operating in C-band. Its successor ERS-2 was launched in 1995 and worked till 2011.
Altimeter is a basically used for measuring the distance between satellite/aircraft and the ground below it. The Radar Altimeter (RA) is a Ku-band (13.8 GHz) nadir-pointing active microwave sensor designed to measure the time return echoes from ocean and ice surfaces. Operating in one of two operational modes (ocean or ice) the RA provides information on significant wave height, surface wind speed, sea surface elevation, which relates to ocean currents, geoid and tides. The RA data is suitable for studying thickness of sea ice and ice sheets but contains ambiguity from the fact that radar signal may be reflected from a undetermined point either from snow-air or snow-ice interface.
Scatterometers were developed to measure the reflection or back-scattering produced by ocean with specially designed microwave radars. When compared to altimeter which is nadir-pointing sensor that collects data along a narrow beam, the scatterometer collects data within a wide swath centered on the satellite track. Laser Altimeter (LA) sends light pulses and calculates echo time of each returning pulse. Ice, Cloud, and land Elevation Satellite (ICESat) dataset creates elevation maps of target surface, which can be used to detect topography of ice sheet and snow above the sea water. Since laser pulses are impenetrable into snow cover, they are preferred to measure height of sea ice with respect to ocean level.
Indian Remote Sensing Satellites
The Indian remote sensing program commenced with successful launch of Bhaskara-I on June 7th 1979 and subsequently an improved version-Bhaskara II was put in orbit on November 20th 1981. ISRO is principle agency for building, launching and maintaining satellites which serve national interests. India's first indigenously developed operational remote sensing satellite was IRS-1A which was launched in 1988. This launch marked the beginning of India's earth remote sensing system, bringing India at par with other developed nations.
IRS-1A and IRS-1B, the first two satellites in the series, generated natural resources information such as crop acreage, production estimate, drought monitoring and assessment, disaster mapping, urban planning, environmental impact analysis, etc. IRS-1A carried Linear Imaging Self Scanner (LISS)-I which operated in four spectral bands in the range of 0.48 to 0.86 μm. Each band uses 2 CCD's with 7-bit quantization and had swath width of 148 km. LISS-II was similar to LISS-I but with higher spatial resolution and smaller swath. LISS-I had resolution of 72.5 m whereas LISS-II had 36.25 m. After successful launch and operations of IRS-1A, improvements were carried out like time tagged command capability to enable multiple payload operations. The next series of remote sensing satellites were IRS-1C and IRS-1D. These satellites were built and operated using advanced techniques such as three-axis body mosphere. It was also found suitable for distinguishing sea ice types through the use of microwave imaging rather than using visible images alone [25] . Figure 6 is an example of Antarctic sea ice concentration derived from MSMR using 18 GHz channel in horizontal polarization to distinguish between ocean water and sea ice carried out by Indian researchers [25] .
Current State of Technologies
Most earth remote sensing missions are deployed in polar sun-synchronous orbit, which offers an enormous advantage for remote sensing of polar regions. Whereas a given sensor might pass over a tropical location only once during daylight hours, at high latitudes, the space craft's orbits converge and the sensor's cross-track swaths begin to overlap at poles. Thus, it's often possible to view a high Arctic or Antarctic location several times in a day with the same sensor, which makes remote sensing a powerful tool. One of the primary objectives for polar research is to monitor sea ice variations in both Arctic and Antarctic. The sections below highlights preferred sensor datasets derived from different sensors (Table 1) for observing and studying typical sea ice features.
Sea-Ice Extent and Concentration
Since the inception of satellite data collection, visible sensors have been used to estimate sea ice cover and concentration. Visible sensors have the disadvantage of being quite weather sensitive-images are obscured by clouds, ice clouds, and fog-while SAR sensors, especially in the higher resolution modes, have a limited coverage/ swath. This is why the sensor of choice for determining sea ice extent is often a PMS. Satellite microwave data have succeeded in generating an exceptionally complete and reliable record of the ice extent for both polar regions over the past 35 years [26] [27] [28] , and this record continues today.
Using brightness temperature from ESMR on-board Nimbus-5 [27] delineated ice boundary of Antarctic sea ice for the 1973-1976 period for the first time. The data is represented in color coded maps which show brightness temperature, ice extent and so on. Similar efforts were made to chart the brightness temperature of northern polar ocean elsewhere [28] . The Arctic and Antarctic sea ice was mapped for the first time in color coded scheme showing ice concentrations and ice extent (Figure 7) . The ESMR data fuelled further inquiry into polar climate processes, paving way for more advanced highresolution sensors.
With rising global temperatures many research works suggested that Antarctic sea-ice cover would decrease [29] , but predictions were at best speculative. One climate model predicted that wi h increasing temperatures, t sea ice cover in Antarctic would also decrease [30] . It has been deliberated on the validity of one model over other; only reliable and long-term data could put an end to speculation. Using data from the SMMR onboard the Nimbus-7 satellite from October 1978 to August 1987
and SSM/I data from July 1987 to December 1998, a positive trends in sea ice concentration and sea ice extent were found. Regionally, the trends in extent are positive in the Weddell Sea, Pacific Ocean, and Ross Sea sectors, slightly negative in the Indian Ocean, and negative in the Bellingshausen/Amundsen seas sector [31] . Using the data from MSMR on-board IRS P4/ OceanSat-1, large-scale Antarctic sea-ice features were deciphered by using the brightness temperatures to contrast ocean water from sea ice [32] . 
, where p is horizontal or vertical polarization} which improved detection of sea ice concentration by using MSMR and SSM/I data Figure 8 [25] . Others used data from OCM to decipher sea ice features in Antarctic [33] . OCM sensor was originally intended to detect color changes in the oceans (chlorophyll-a) but it has been found useful to study sea ice characteristics. With advanced sensors like AMSR-E sea ice extent have been observed with unmatched spatial and temporal resolutions. Researchers undertook a comparative study using AMSR-E data and historical SSM/I data from 1987 to chart the sea ice extent [34] . They found that the data from AMSR-E showed 10% -15% improvement over that of SSM/I because of better spatial resolution. Estimates of Antarctic and Arctic sea ice extent showed a close agreement with estimates obtained from MODIS data. Similarly, Arctic sea ice extent minimum was recorded in September 2011 using AMSR-E data, owing to its high resolution.
Sea Ice Thickness
Estimation of sea ice thickness on a large spatial scale is challenging yet number of efforts has been made using in-situ, model simulations and remote sensing. Ground missions and ice core drilling are always reliable and fool proof methods for measuring sea ice thickness. However, these have their set of limitations like unreasonable demand of time, effort and resources [35] . A number of ways has been suggested to estimate sea ice thickness from remote sensing data by using surface albedo, active SAR images, and PMW images. First, surface albedo methods are discussed below.
Researchers have used optical sensor data to estimate sea ice thickness [35, 36] . Reference [35] proposed a direct approach to successfully estimate sea ice thickness over a large spatial area using MODIS data. It is based on a retrieval model of an exponential relationship between albedo and ice thickness. Albedo values were derived using algorithm developed elsewhere [37, 38] . Others used a more comprehensive method to accurately estimate sea and lake ice thickness with optical (visible, near infrared, and infrared) satellite data [36] ; the method correlates sea ice thickness to thermodynamic and radiative flux model, using data from NOAA's AVHRR and NASA's MODIS.
NOAA's AVHRR data have been used to estimate quantitatively the thickness of thin sea ice [39] . They combine a one-dimensional thermodynamic sea ice model with the satellite observations of surface temperature and albedo to estimate ice thickness for each pixel and then added all pixels in each scene to compute the thickness distribution of ice down to a meter. But extending the same principle, more thick sea ice can be approximated. The method was validated with in-situ upward looking sonar (ULS) measurements at specific points.
When satellite-based sea ice thickness estimates were compared with those from moored ULS, the error was found to be less than 2% for each 10-cm thickness bin. It was found that larger divergence was most likely to arise at the thin end of the distribution (up to 20% near the ice edge), as a consequence of coarse spatial resolution of AVHRR which causes some leads, especially young narrow leads, to be viewed mixed with thicker ice [40] . Recently, high resolution PMS data has been used to derive sea ice thickness. Researchers employed Microwave Imaging Radiometer using Aperture Synthesis (MIRAS) operated in L-band (1.4 GHz) onboard Soil Moisture and Ocean Salinity (SMOS) as secondary source to derive the thickness of thin sea ice. An innovative algorithm has been developed to retrieve sea ice thickness based on Level 1C brightness temperatures [41] . These results were compared with an ice growth model and independent sea ice thickness estimates from MODIS thermal infrared imagery Figure 9 . The root mean square error between the SMOS and the MODIS (sea ice thickness) derived elsewhere was found to be 10 cm with a negative bias of 2 cm [40] . The pixel-by-pixel correlation was estimated to be 0.5. Similarly, others used Terra MODIS data in combination with Envisat Advanced SAR (ASAR) Wide Swath Mode (WSM) images to estimate sea ice thickness [42] .
Laser Altimetry (LA) can also estimate ice sheet thickness by calculating free boarding height using the Geoscience Laser Altimeter System (GLAS) onboard ICESat which is operated in near-infrared (1064 nm) wave- length. In LA the time taken by laser pulse to return from ground is measured very accurately to calculate distance between spacecraft and earth surface below. The returning pulse is recorded by a 1 meter diameter telescope and spots produced on the Earth's surface represent a circular region with 70 m diameter. Using ICESat data, the sea ice thickness above sea water can be retrieved after subtracting the reference height from the sea surface. The height of sea ice above sea water consists of snow and ice. General buoyancy equation is used to estimate the total sea ice thickness. Densities of sea water, snow and ice are inferred from past in-situ experiments. The thickness of snow above sea ice is recovered from high resolution PMS, such as AMSR-E. It is assumed that sea ice is in hydrostatic equilibrium. Figure 10 illustrates the means of computing sea ice thickness using LA. This mechanism has been used to estimate sea ice thickness in Antarctic sea ice [43] . Approximate thickness of sea ice can be expressed by estimating ice type and their corresponding average thickness. This method is quite crude but can be used to generate maps very quickly using readily available PMW data.
Sea Ice Type
Microwave emission comes from different layers such as the snow surface, snow-ice interface and the internal ice layers, and depends on the frequency. Open water is reflective in the microwave band and emits little energy, and has strong polarization. In contrast, first-year ice is highly emissive and has weak polarization, while the multiyear ice emission falls between that of water and the first-year ice. Consequently, the brightness temperature recorded by the sensor depends on the type of surface from which the radiation originates. PMS is effective in differentiating different ice types. Substantial spectral and polarimetric differences in emissivity exist between FYI, MYI, and the open ocean, and a variety of algorithms have exploited these properties to map the spatial and temporal extent of these surface types. Reference [44] reported that the optimum and round-the-year threshold for distinguishing the sea-ice from open water in the Antarctica using the MSMR 18 GHz (horizontal polarization) on board OCEANSAT-1 is T B > 130 K. Reference [45] developed a new algorithm called Environment Canada's Ice Concentration Extractor (ECICE), to calculate total ice concentration and partial concentration of each ice type using remote-sensing observations. They used the 85 GHz and 37 GHz SSM/I channels and AMSR-E to compare algorithm performance relative to ice type charts prepared by Canadian Ice Service (CIS). They also explored the suitability of 85 GHz SSM/I channel instead of using high resolution AMSR-E data. Performance has been mixed, the algo-rithm successfully identified ice types when concentration was nearly 100%, but as total ice concentration decreased estimates from ECICE using 85-GHz observations deviated more from CIS estimates than the corresponding deviation when 37-GHz data were used.
Reference [46] suggested using fusion of SAR data with PMS data to remove ambiguity in identifying different ice types. Microwave emissivity is dependent on dielectric constant of sea ice which can change due to number of reasons such as desalination, as ice gets old or due to melting, negative free-boarding due to snow cover which can change passive microwave signatures randomly. Similarly, [47] considered suitability of combining AVHRR images and ERS-2 SAR images to study different ice types in Antarctica. Others studied viability of SAR images from ENVISAT (C-band HH polarization) using Neural Network (NN) based algorithm and Bayesian algorithm to discriminated different sea ice types [48] . The sea ice types selected for classification were MYI, deformed FYI, level first-year, and open water/nilas. The NN was used to run classification algorithm on the training data. The classification results of these images were also compared with ice charts issued by Arctic and Antarctic Research Institute (AARI), where MYI and FYI have been discriminated. The total classification accuracies determined by the confusion matrix between classification results and ice charts were found to be 79.3% for MYI and 92.5% for FYI.
Surface Roughness
Various remote sensing techniques can be used to identify and observe surface texture and roughness. One such technique is SAR images which measures different backscatter coefficients arising from surface irregularities. Images from ESAR, EMISAR, RADARSAT, ERS-and −2 sensors were used to establish relationship between radar signatures and ice deformation, surface roughness and ice thickness [48] . Various images with different frequencies and polarization were studied for optimal detection of surface features (for example, Barents sea ice image shown in Figure 11 ). They highlighted advantages and disadvantages of using C-band, L-band with varying polarizations, incidence angles, and spatial resolution to detect sea ice roughness.
Using data from the Multiangle Imaging Spectroradiometer (MISR) on board NASA's Terra satellite [50] exploited multi-angular emissivity of target surface to detect surface features and roughness. MISR captures microwave radiances simultaneously with different radiometers placed at different angles. This technique uses angular signatures of ice sheet and sea ice surfaces, similar to spectral signatures that are used in multispectral classification. It was found that MISR image showed a good agreement with sea ice types that are observed in SAR imagery and ice charts derived from the National Ice Centre (NIC). It may not be superior to SAR imagery but in cases where melt season starts and SAR data are not useful, multi-angular optical data could provide secondary ice-mapping information. Others used AMSR-E channels 6.9, 10.7, and 89 GHz to estimate small-scale surface roughness over the Arctic oceans in order to retrieve the total and MYI concentrations by using ART-IST sea ice (ASI) and polarization corrected temperature (PCT) algorithms, respectively [51] . The results are promising owing to high spatial resolution. On the other hand, [52] developed a method that uses LA data from GLAS/ICESat and demonstrated that very minute changes (~2 cm) in the sea ice texture can be tracked by mapping the sea ice surface roughness derived from laser pulse returning from target surface.
Snow Cover
Large-scale snow cover observations are very limited in the Arctic and Antarctic polar regions. A number of researchers [53] [54] [55] [56] used SMMR passive microwave data to extract snow parameters. They used distinct brightness temperatures of snow cover to estimate monthly and annual snow cover area. Since then, many different algorithms to map snow cover and snow water equivalent (SWE) using PMS data have been developed and tested [57] [58] [59] . Reference [57] developed a wet snow algorithm using 37 GHz dual-polarization channel of SSM/I for the open prairie region of western Canada. The algorithm was used to identify areas of wet snow and discriminate them from areas of snow-free land. Others estimated the snow accumulation from satellite LA [60] . They used PMS data to identify the extent and timing of new snow on the Antarctic ice sheets, and used cross-over elevation measurements from GLAS/ICESat to estimate the amount of new snow over the ice sheets. The total snow depth over sea ice, however, cannot be discerned using this technique.
Reference [61] derived snow depth at 25 km spatial resolution from SMMR data on board NIMBUS-7. Data for the period 1978 to 1987 were used to compare the average monthly snow-cover area derived from the NOAA/NESDIS and USAFGWC analyses to SMMR data. The snow cover derived from SMMR is in good agreement with NOAA/NESDIS and USAFGWC analyses, but showed significant deviation in the month of June, which is the snow annual melt season. Others developed an algorithm to calculate snow depths from PMS radiance [62] . However, there exists no algorithm to derive snow depth with reasonable accuracy better than 5 cm [63] . Reference [64] used radiances from AMSR-E data to derive snow depth among other parameters in the Arctic and the Antarctic. Similarly, other researchers [65] developed an algorithm to derive snow depth from high resolution AMSR-E data. The model required snow grain size and density of snow pack, as prior information. It has been shown dynamic algorithm works better then static ones.
Reference [66] pointed out that LA could measure the elevation of the air-snow interface due to the high optical reflectivity of the snow surface, while the radar altimeter could measure the elevation of the snow-ice interface under cold and dry conditions. Using LA such as GLAS/ICESat, total (sea ice + snow) height could be determined as light reflects from snow surface while using satellite radar altimeters, such as Cryosat-2 and Envisat, snow depth could be retrieved as radar penetrates snow and returns the scattered signal from sea ice surface. Detection of snow melting is very vital for climate studies and effective water management. Using NASA's scatterometer (NSCAT) data [67] identified snow pack ripening, however, melt and freeze events, could not be retrieve from the data to provide crucial details about regional climate. These satellite observations validated with in situ measurements from the Greenland Climate Network stations. On the other hand, [68] developed a blended snow product to map global snow cover extent utilizing MODIS, AMSR-E PMS data and QuikSCAT scatterometer data.
Sea Ice Velocity/Drift
Various remote sensing technologies and methods have been suggested to track sea ice motion and drift. Reference [69] used individual channels of 37 GHz and 85 GHz of SSM/I to estimate motion of sea ice. They reported that the difference between buoy observations and satellite estimate tend to increase if large local velocity gradients exist. Standard deviations ranged between 5 and 12 km, or about 4.2 cm·s -1 using 3-day displacements in the Arctic Basin, 6.1 cm·s -1 using 1-day displacements in Fram Strait, and 6.9 cm·s -1 in the Weddell Sea. Other researcher used wavelet approach to retrieve sea ice velocities from NSCAT data as well as SSM/I, and the results suggest that this approach has better ability to track motion for in Arctic and Antarctic regions [70] . Reference [70] used a single wavelet scale which gives fewer number of motion vectors, while [71] used multiple wavelet scales producing a larger number of vectors.
Various methods for tracking and gridding low-resolution radar and radiometer ice motion using ERS-1/2, NSCAT Scatterometer and SSM/I data have been devised [72] . Weddell Sea buoys and satellite derived motion vectors showed significant divergence. In Antarctic, ice drift retrieval is more difficult due to faster ice-drift, more variable ice conditions, and more moisture in the atmosphere. Global coverage can only be mapped from satellite data, giving ice displacement vectors with moderate spatial and temporal resolution. Figure 12 was constructed using SSM/I brightness maps. Further analysis and comparison have been done on various methods to measure sea ice drift by [73] .
Reference [74] compared satellite-derived sea-ice motion dataset obtained from the US NSIDC with daily ice drift from drifting buoys between 1989 and 2005. The satellite data were derived from daily composites of PMS measurements by means of a cross correlation method and were supplemented with data from visible and thermal channels of the AVHRR. Reference [75] studied the sea ice drift vectors which were automatically extracted from pairs of the AMSR-E images acquired in one or two day's interval by comparing with sea ice drift vectors manually extracted from pairs of cloudless MODIS im-ages acquired simultaneously with AMSR-E images. The cross correlation algorithm was used for automatically extracting sea-ice drift vectors from PMS images. Results have shown a good agreement with manual tracking from MODIS imagery.
With high quality SAR images sea ice drift can be automatically tracked. It has been suggested that combining different data sources (different sensors) can improve tracking reliability [76] . Further improvements of sea ice drift estimations can be expected by use of new sensors with better ground resolution and pixel size, and more optimized integration of various data.
Remote sensing technologies have evolved to remotely sense each aspect of sea ice. Often an informed combination of data sets from different sensors can improve accuracy and avoid ambiguity in derived results. Onset of melt season changes the physical structure and temperature of target sea ice area, thereby effectively changing its microwave signatures. If during that period surface features are used to derive the information, then dependence on microwave signatures will be reduced.
Conclusions
The vast areas of sea ice in the polar regions play a major role in polar climate processes and also influence the global climate significantly. In recent decades, starting with accurate satellite remote sensing of polar regions, sea ice extent has undergone drastic changes in Arctic and to some extent in the Antarctic. Arctic has lost its major portion of sea ice cover in 30 years whereas in Antarctic it has been slightly expanding during the same period. Sea ice is monitored by using different parameters for example, extent area, sea ice type, thickness, drift velocity, etc. Each parameter has its own significance and poses unique challenge to observe it. Historical or pre-satellite sea ice records provide long-term proxy data yet quality and reliability of such data restricts potential usage. Since the dawn of satellite remote sensing era, various sensors have been developed and deployed on satellite platforms (Table 2) . First, visible and IR sensors were used to observe sea ice extent but proved to be inadequate due to cloudy conditions. Successively PMW sensors, active sensors like SAR, RA, LiDAR were developed to enhance resolution and coverage. India's MSMR on board IRS-P4/OCEANSAT-1 also contributed to the mapping and monitoring of polar sea ice. Using 18 GHz channel with horizontal polarization 0.5˚ × 0.5˚ resolution sea ice maps were generated and its variation was studied from June 1999 to September 2001. We have compared and compiled different technologies to detect, observe and estimate sea ice features.
Current set of sensors have evolved from limited capabilities of earlier sensors in terms of spatial resolution and range of measurements. Sea ice extent and concentration are one of few parameters that have been studied, since reliable satellite observations began in 1979. Literature survey showed that PMS offer better monitoring capabilities than other sensors. Sea ice thickness is very important parameter which helps to monitor volume of sea ice. Primary sensors used to measure thickness provide high-resolution visible images for computing the albedo values and deriving thickness values by using conversion algorithms. Different ice types emit different radiation spectrally; it can be successfully exploited using PMS data. Surface roughness can be detected by using SAR signatures of target surface. When the sea ice is covered with snow, it can be monitored based on microwave signature of snow. A practical solution was suggested using scatterometer data which penetrates depth of snow to assess state and vertical extent of snow cover. Sea ice drift is also one of the important parameters to determine movement of ice pack and underlying current Through this review, a number of gaps were found in existing body of knowledge, a few topics are highlighted below which requires thorough investigation. 1) Accurate sea ice thickness estimation using LA, which has a tremendous potential for charting panAntarctic area, largely depends on accurate snowcover depth information. Lack of wide-area snow thickness information has stalled ice thickness measurements; snow depth based atlases are required to monitor year-on-year and seasonal variations. 2) As pointed out in the recent research works some Antarctic glaciers are experiencing unprecedented melting [78] , which releases a vast amount of fresh water into coastal seas, and the impact of such processes on freezing-thawing cycle of sea ice is not well understood 3) High-speed katabatic winds constantly break and push large chucks of sea ice further from the continental margin, increasing the sea ice extent and impacting the drift course. Future studies should be directed to assess the impacts of such events. When such events open up polynas, the latent and sensible heat flux exchange with the atmosphere will affect the local air-sea heat budget. 4) ACC has significant role in Antarctic climatic processes, as oceans around Antarctica are warming [79] . Further studies should focus on the influence of ACC in cooling or warming of seas around Antarctica, and the impact on upwelling and mixing in and around polynas have not been explored in detail. 5) As SAM is enhanced and switched to positive mode [80] , the westerlies shift poleward and girdle the continent; understanding how this change will affect sea ice formation and movement could shed light on hidden processes operating in the region. The evolution of sensors has led to broad categorisation of sea ice parameters depending on physical features. A preferential datasets can be chosen to extract maximum possible information about parameters in question. Major remote-sensing satellite organisations all have planned improved satellite systems to be launched in near future. Few examples which would help monitoring sea ice parameters are as follows. For sea ice extent: VIIRS sensor onboard JPSS-1 is ideal. VIS/IR Imaging Radiometer sensor onboard Meteor-MP N1 and MERSI-2 onboard FY-3G will find many applications in cryospheric research when launched in 2014-15. Likewise, the planned launch of ATLAS aboard ICEsat-2 in 2014 will be very helpful in monitoring sea ice thickness. Other planned missions such as SRAL onboard Sentinel-3A, SAR-X onboard Meteor-M N3, WindRAD onboard FY-3E and SCAT onboard Meteor-M N3 will help detect different ice types. Effective remote sensing of polar sea ice is essential for understanding short-term and longterm effects of sea ice on regional climate in particular and global climate in general.
Acknowledgements
We thank NCAOR Director, Dr. S. Rajan, for the encouragement. This is NCAOR contribution 14/2013. 
Continued
